www.cmj.hr Aim To investigate the role of heat shock proteins 70 (HSP70) in radiosensitivity and invasiveness of endometrial cancer in vitro.
Endometrial cancer is one of the most common gynecologic malignancies worldwide, with radiation therapy as a very important treatment option (1) . However, the efficacy of radiation therapy is often limited by radioresistance, ie, diminished susceptibility of the irradiated cells to undergo apoptosis. In our previous studies, we found that human heat shock protein 70 (HSP70) was significantly overexpressed in radioresistant endometrial cancer cells line ISK compared with relatively radiosensitive cells after irradiation (2) . This suggested that irradiation-induced HSP70 content may play an important role in the development of radioresistance.
The HSP70 family contains at least 8 homologous chaperone proteins (3) . Endoplasmatic reticulum and mitochondria have their specific HSP70 proteins, whereas the remaining 6 family members reside mainly in the cytosol and nucleus. HSP70B' is the major human isoform in the HSP70 family that is strictly stress-inducible and therefore available to function only in stressed cells (4). Phylogenetic analysis indicated that the HSP70B' protein sequence was most closely related to another major inducible human HSP70 -HSP72. HSP70B' and HSP72 together play a role in cell survival after proteotoxic stress. Inducible HSP70 are up-regulated in the majority of human tumors and are believed to have an important role in cell proliferation, tumor growth, and cancer invasiveness (5) (6) (7) (8) . Overexpression of HSP70 in human tumors is associated with poor prognosis and poor response to radiation therapy (9, 10) . Some in vitro studies suggested that the viability of cells pretreated with exogenous HSP70 before radiation was indeed protected and that transfection of cells with a siRNA designed to interfere with HSP70 synthesis increased the irradiation-induced apoptosis (11, 12) . Despite this, the role of HSP70 in endometrial cancer is largely unknown. Understanding of HSP70s function in endometrial cancer may provide clues to the development of radioresistance and offer alternatives for clinical treatment. Meanwhile, it is well known that metastasis is highly dependent on tumor cell invasion. Previous studies reported that overexpression of HSP70 induced the expression of matrix metallopeptidase 9 (MMP-9) and thereby improved the cell invasiveness (13) . In the present study, we investigated the role of HSP70 in radiosensitivity and invasiveness of a well defined endometrial cancer cell in vitro.
MaTeRials anD MeThoDs

Cell culture
Three human endometrial cancer cell lines were obtained from the Type Culture Collection of Chinese Academy of Sciences (Beijing, China): ISK (well differentiated, relatively radioresistant), RL95-2 (moderately differentiated, radiosensitive), and KLE (poorly differentiated, radiosensitive). RL95-2 and KLE cells were cultured in DMEM (Gibco BRL, Gaithersburg, MD, USA), supplemented with 100 U/mL penicillin/streptomycin. ISK cells, stably transfected with pcDNA3.1, pcDNA3-HSP70, and pcDNA3-siH-SP70, were maintained in DMEM in the presence of G-418 (400 µg/mL). All media were supplemented with 10% fetal bovine serum (FBS) and 2 mmol/L glutamine. The cultures were incubated at 37°C in a humidified 5% CO 2 incubator.
irradiation Cells were cultured in 60-mm dishes until 70% to 80% confluent and then exposed to x-rays from a VARIAN clinical 2100C/D linear accelerator (VARIAN, Palo Alto, CA, USA) at a dose rate of 2.0 Gy/min.
Clonogenic cell survival assay
The surviving fraction was measured using a standard colony-formation assay. Cells were transfected as above with vehicle, siHSP70, and pcDNA3-HSP70. Seventy-two hours after transfection, cells were trypsinized, counted, and approximately 200 cells were plated in six-well plates and allowed to attach for 6 hours. After 6 hours, cells were irradiated and incubated for 12 days. Colonies were stained with crystal violet and those with ≥50 cells were counted. Five replicate dishes were counted for each treatment.
Creation of isK/siRna-hsP70 cells 
Creation of isK/hsP70 cells
The HSP70 expression vector pcDNA3-HSP70 containing the cDNA for full-length human HSP70 was designed by Kangchen (Kangchen, Shanghai, China). Cells grown on 60-mm dishes were transfected with pcDNA3-HSP70 (ISK/ HSP70) or pcDNA3.1 (ISK/Neo) using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. Clones resistant to G418 (400 µg/mL) were selected and then subcloned by limiting dilution. Stable clones were formed and maintained in 400 μg/mL G418 selection medium.
Quantitative real-time polymerase chain reaction (RT-PCR) data analysis
Total RNA was harvested from cells before and 1 hour after 4 Gy radiation exposure using TRIzol (Invitrogen), concentrated using isopropyl alcohol precipitation, and further purified using RNeasy Mini kit (Qiagen, Valencia, CA, USA) according to the manufacturer's protocols. The quantity and quality of the purified RNA were assessed by 260/280 optical density (OD) measurements on a spectrophotometer and the integrity was determined by formaldehyde denatured gel electrophoresis.
To determine the level of HSP70 mRNA, quantitative RT-PCR was performed on an ABI Prism 7000 Sequence Detection System using SYBR Green RT-PCR Kit (Applied Biosystems, Foster City, CA, USA). PCR reaction was performed using 20 µL of total reaction mixture volume, containing 1 µL of cDNA reaction products, 10 µL SYBR Green PCR Master Mix, and 500 nM of forward and reverse primers. The gene-specific primers were as follows: HSP70, 5'-TGTTCCGTTTCCAGCCCCCAA-3' (sense) and 5'-GGGCTTGTCTCCGTCGTTGAT-3' (antisense); and GAPDH, 5'-GGGAGCCAAAAGGGTCATCATCTC-3'(sense) and 5'-CCAT-GCCAGTGAGCTTCCCGTTC-3' (antisense). The protocol of RT-PCR was as follows: initiation with a 10 minutes of denaturation at 95°C, followed by 40 cycles of amplification at 95°C (10 seconds) for denaturation, 10 seconds of hybridization at 58°C for HSP70 or 57°C for GAPDH, and 20 seconds of extension at 72°C. The RT-PCR amplification product was analyzed by melting curve analysis and 1.2% agarose gel electrophoresis, and the fold-change was determined based on average cycle threshold (Ct) values for triplicates. Gene expression levels were calculated and presented with 2-∆∆Ct values (14) .
Protein extraction and Western blotting
Seventy-five percent confluent cells were irradiated with 4 Gy x-ray. After 1 hour, cells were harvested and lysed with cold RIPA buffer. Total cell lysates were clarified by centrifugation (14 000 rpm, 20 minutes) at 4°C. Total protein concentration was determined by BCA Protein Assay kit (Pierce, Rockford, IL, USA). Twenty micrograms of each soluble protein sample was separated by 15% SDS-polyacrylamide gel electrophoresis and transferred to a nitrocellulose membrane. After blocking with 5% TBST-milk (20 mmol/L TrisHCl, 137 mM NaCl, 1.5% nonfat dry milk, and 0.1% Tween20, pH 7.6), membranes were incubated with rabbit polyclonal anti-HSP70 (1:2000) and anti-β-actin antibodies (sc-33575, Santa Cruz Biotechnology, Santa Cruz, CA, USA) overnight at 4°C. Following this, they were washed and incubated with horseradish peroxidase-conjugated anti-rabbit IgG antibody, incubated in SuperSignal® West Pico Chemiluminescent Substrate (Pierce), exposed to CL-Xposure Film (Pierce), and developed using an All-Pro 100 Plus automated x-ray film processor (All-Pro Imaging Corporation, Hicksville, NY, USA). The resultant bands were quantified using AlphaEase-FC software (AlphaInnotech, San Leandro, CA, USA).
apoptosis analysis
The Annexin V-FITC kit (BD Biosciences, San Diego, CA, USA) was used to identify apoptotic and viable cells, with slight modifications of manufacturer's instructions. After exposed to 4 Gy radiation, cells were harvested by trypsinization (Invitrogen), washed with cold PBS, and resuspended in 100 µL of binding buffer. A total of 5 µL of Annexin V-FITC and 10 µL of propidium iodide (PI) were added and the mixture was incubated for 30 minutes in the dark. Finally, 400 µL of binding buffer was added to the cells, the mixture was analyzed with a flow cytometer, using FITC signal detector and PI staining with a phycoerythrin emission signal detector. The percentage of apoptotic cells in 10 000 cells was determined, after which all the experiments were performed 3 times. The data were analyzed using WinMDI 2.8 software (Scripps Institute, La Jolla, CA, USA) for calculation of percentage of apoptotic cells per group.
in vitro invasion assays
Invasion assays were done using a modified Transwell chamber system as described previously (13 ) were seeded on Matrigel-coated membrane inserts with a pore size of 8 µm (BD Bioscience, Heidelberg, Germany) in the presence of DMEM supplemented with 10% FBS. The same medium of 750 µL was placed in the lower wells of the chamber system. Thereafter, the cells were irradiated and incubated for 24 hours. The cells on the upper side were scraped off with a rubber policeman and the cells that had migrated into the lower compartment were fixed (4% paraformaldehyde in phosphate buffered saline, PBS), stained with hematoxylin and eosin, and counted from 5 random high power fields at 200 magnification in each well.
statistical analysis
Data are shown as means ± standard deviation of replicate samples in single experiments or replicate experiments as described in the figure legends. t test was used to test the comparisons between two groups. Multiple group comparisons were performed by one-way ANOVA, followed by the Tukey-Kramer multiple group comparisons test. All statistical analyses were performed using SPSS statistical software, version 10.0 (SPSS, Chicago, IL, USA). A value of P < 0.05 was considered statistically significant.
ResulTs
Basal and irradiation-induced hsP70 expression
Although in our previous studies of the radiosenistivities of ISK, KLE, and RL95-2 endometrial cancer cell lines showed that ISK line was relatively radioresistant (2), high endogenous basal expression HSP70 levels were observed in all cell lines (Figure 1) . However, the irradiation-induced overexpression of HSP70 was only observed in ISK cells (14.31 ± 1.24 vs 5.82 ± 0.93, P = 0.014) (Figure 1 ).
hsP70 expression in isK cells transfected with siRnahsP70 and pcDna3-hsP70
We examined the HSP70 mRNA and HSP70 protein expression in ISK cells transfected with vehicle, siRNA-HSP70, and pcDNA3-HSP70 (Figure 2 ). Transfection with siRNA-HSP70 resulted in dramatic reduction of endogenous levels of HSP70 compared with the vehicle control (ie, up to 95%, P < 0.001) and in the inhibition of irradiation-mediated HSP70 induction (ie, up to 90%, P < 0.001). Transfection of HSP70 resulted in 2.7-fold increase in ectopic expression of HSP70 compared with the vehicle control (P = 0.018) and 2.1-fold increase in irradiation-mediated HSP70 induction (P = 0.037). These findings were confirmed by western-blot analysis of HSP70 protein expression.
siRna-hsP70 radiosensitizes isK cells
Clonogenic survival assays were used to examine the ability of siRNA-HSP70 to sensitize ISK cells to the effects of radiation. Irradiation alone resulted in a dose-dependent reduction in cell survival and the effect was significantly enhanced in the cells transfected with siRNA-HSP70 before irradiation, compared with control ( Figure 3A ). Cell killing induced by 4 Gy irradiation in ISK/siRNA-HSP70 was comparable with that observed in ISK/control at a dose of 5.1 Gy irradiation, corresponding to an enhancement factor of 1.27. Furthermore, transfection of cells with small interfering RNA to silence HSP70 abolished the shoulder of radiation dose-response curves, which is considered to reflect repair of sublethal damage (15). Cells transfected with the nonspecific RNA clearly retained the usual shoulder.
To investigate the effects of irradiation on the induction of apoptosis in ISK/control and ISK/siRNA-HSP70 cells, flow cytometric measurement was used to quantify the percentage of apoptotic cells in the total cell population. After 24-hour irradiation, the percentage of apoptotic cells significantly increased in ISK/siRNA-HSP70 cells compared with control (6.74% vs 14.22%, P = 0.021, Figure 3B ). However, there was no significant difference between the two groups before irradiation (3.66% vs 5.18%, P = 0.087). These results indicated that a decrease in HSP70 protein enhanced the ability of irradiation to inhibit the survival and improve apoptosis of ISK cells.
increased expression of hsP70 improved the survival of isK cells after exposure to radiation
To determine whether increased expression of HSP70 conferred protection against irradiation, cell survival was examined in irradiated ISK/HSP70 and ISK/Neo cells. We found that overexpression of HSP70 increased cell survival in ISK/HSP70 cells. For example, after 4 Gy irradiation, ISK cell survival fraction was reduced to 0.32 ± 0.04 in comparison with untreated cells (reference value = 1), but the survival fraction of ISK/siRNA-HSP70 cell was increased to 0.51 ± 0.08 (P = 0.026; Figure 3A ).
After 24-hour irradiation, a significantly lower percentage of apoptotic cells was observed in ISK/HSP70 than mock transfected ISK/Neo cells (7.15% vs 4.08%, P = 0.043; Figure 3B ). These results indicated that the overexpression of HSP70 protein inhibited apoptosis and improves the survival of ISK cells after exposure to radiation.
hsP70 promotes invasive potential in isK cells
The invasiveness of ISK cells transfected with siRNA and HSP70 was determined using matrigel invasion assay. ISK cells irradiated at doses of 4 Gy had more invasive cells than untreated controls, but the difference was not significant (P = 0.083, Figure 4 ). Silencing HSP70 significantly inhibited cell invasion before and after irradiation (106 ± 19 vs 219 ± 18 and 119 ± 16 vs 256 ± 31, P = 0.007, Figure 4A , 4B). On the contrary, more ISK/HSP70 cells invaded through the filters than mock transfected ISK/Neo cells before and after irradiation (274 ± 21 vs 194 ± 16 before irradiation, and 298 ± 24 vs 227 ± 19 after irradiation, respectively, P = 0.032). These results indicated that HSP70 promoted invasiveness in ISK cells and abortion of this gene may act as a means to inhibit cell invasion in endometrial cancer.
DisCussion
Our study demonstrated that, although all 3 tested endometrial cancer cell lines had high endogenous basal expression HSP70 levels, the irradiation-induced overexpression of HSP70 was observed only in radioresistant ISK cells, but not in relatively radiosensitive KLE or RL95-2 cells. These results suggest that the effect of treatment by irradiation should not simply be predicted by the basal HSP70 level in endometrial cancer. In fact, irradiation-induced HSP70 expression may play an important role in radioresistance. HSP70 silencing caused a significant increase in irradiation-induced cell killing and in the percentage of apoptotic cells. Moreover, HSP70 silencing significantly inhibited cell invasion before and after irradiation.
HSP70 is present in a variety of malignant cell types and its expression is induced by several stressors, such as hyperthermia, infection, UV radiation, as well as γ-radiation. HSP70 is known to rescue cells from tumor necrosis, factorinduced caspase-independent programmed cell death, heat shock, serum starvation, and oxidative stress. It is associated with increased cell proliferation, inhibition of apoptosis, lymph node metastasis, higher clinical stage, and poor prognosis in endometrial cancer (16, 17) .
Inducible HSP70 has been suggested to have multiple roles in cytoprotection against irradiation-induced apoptosis. Brondani et al reported that the content of HSP70 was associated with glioblastoma cell radioresistance (9) . The overexpression of HSP70 also enhanced radioresistance of mouse embryo fibroblasts and fibrosarcoma (18, 19) . Several preclinical studies evaluated the antitumor potency of HSP70 inhibitors which inhibit tumor growth and enhance radiation response in vitro as well as in vivo (20) (21) (22) (23) . HSP70 has been considered as a potential target for cancer therapy in recent years (24). However, little is known about its role in radiosensitivity of endometrial cancer.
Given that a number of potential mechanisms explain the relation between HSP70 and radioresistance, specific overexpression and suppression of the HSP70 gene could help elucidate the precise role of HSP70 in cancer radiotherapy. Our results identified that cells depleted of HSP70 displayed strikingly different radiosensitivity. Cells transfected with siRNA showed enhanced radiosensitivity compared with cells transfected with vehicle or HSP70. We also observed that increased constitutive expression of HSP70 in ISK cells was critical for radioresistance, because specific cells transfected with HSP70 led to a lower apoptosis and greater clonogenicity.
Malignant progression of cancer depends not only on rapid proliferation of tumor cells but also on other biological behaviors including motility, invasiveness, and metastatic potential. The metastasis of cancer cells is one of the major factors deciding the cancer outcome. However, changes in motility or invasive potential after irradiation have been poorly understood. Radiation-induced enhancement in invasiveness was observed in glioblastoma, hepatocellular, breast, and pancreatic carcinoma (25) (26) (27) . The mechanism may be associated with overexpression of MMP-2 and MMP-9 through the PI3K/Akt/NF-kappaB signal transduction pathway or activation of epidermal growth factor receptor (EGFR). Although we did not find remarkable enhancement of invasiveness after irradiation-exposure in ISK cells, we showed that irradiation promoted invasive potential in ISK/HSP70 cells, whereas cell proliferation was significantly suppressed. However, cells with HSP70 depletion inhibited invasion after irradiation, which suggests that this radiation-enhanced invasiveness may be associated with an increased expression of HSP70 and abortion of this gene may act as a means to inhibit cell invasion in endometrial cancer although its mechanism still awaits investigation.
To the best of our knowledge, this study is the first report suggesting that in vitro radiosensitivity of endometrial cancer cells may not be controlled by the basal expression level of HSP70 but be at least partly dependent on the irradiation-induced HSP70 content. Increased constitutive expression of HSP70 plays a critical role in endometrial cancer cells radioresistance and invasiveness, because specific transfection of HSP70 promotes clonogenicity and increases cell invasion. Furthermore, abrogation of HSP70 induction significantly enhances apoptotic effects of irradiation and reduces cell invasiveness. According to our results, siRNA-HSP70 can be used as a means to increase radiosensitivity and depress invasiveness in the treatment for endometrial cancer.
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